Oligosaccharyltransferase transfers an oligosaccharide chain to the asparagine residues in proteins. The archaeal and eubacterial oligosaccharyltransferases are single subunit membrane enzymes, referred to as "AglB" (archaeal glycosylation B) and "PglB" (protein glycosylation B), respectively. Only one crystal structure of a fulllength PglB has been solved. Here we report the crystal structures of the full-length AglB from a hyperthermophilic archaeon, Archaeoglobus fulgidus. The AglB and PglB proteins share the common overall topology of the 13 transmembrane helices, and a characteristic long plastic loop in the transmembrane region. This is the structural basis for the formation of the catalytic center, consisting of conserved acidic residues coordinating a divalent metal ion. In one crystal form, a sulfate ion was bound next to the metal ion. This structure appears to represent a dolichol-phosphate binding state, and suggests the release mechanism for the glycosylated product. The structure in the other crystal form corresponds to the resting state conformation with the well-ordered plastic loop in the transmembrane region. The overall structural similarity between the distantly related AglB and PglB proteins strongly indicates the conserved catalytic mechanism in the eukaryotic counterpart, the STT3 (stauroporine and temperature sensitivity 3) protein. The detailed structural comparison provided the dynamic view of the N-glycosylation reaction, involving the conversion between the structured and unstructured states of the plastic loop in the transmembrane region and the formation and collapse of the Ser/Thr-binding pocket in the C-terminal globular domain.
Edited by Joseph Schlessinger, Yale University School of Medicine, New Haven, CT, and approved September 25, 2013 (received for review May 24, 2013) Oligosaccharyltransferase transfers an oligosaccharide chain to the asparagine residues in proteins. The archaeal and eubacterial oligosaccharyltransferases are single subunit membrane enzymes, referred to as "AglB" (archaeal glycosylation B) and "PglB" (protein glycosylation B), respectively. Only one crystal structure of a fulllength PglB has been solved. Here we report the crystal structures of the full-length AglB from a hyperthermophilic archaeon, Archaeoglobus fulgidus. The AglB and PglB proteins share the common overall topology of the 13 transmembrane helices, and a characteristic long plastic loop in the transmembrane region. This is the structural basis for the formation of the catalytic center, consisting of conserved acidic residues coordinating a divalent metal ion. In one crystal form, a sulfate ion was bound next to the metal ion. This structure appears to represent a dolichol-phosphate binding state, and suggests the release mechanism for the glycosylated product. The structure in the other crystal form corresponds to the resting state conformation with the well-ordered plastic loop in the transmembrane region. The overall structural similarity between the distantly related AglB and PglB proteins strongly indicates the conserved catalytic mechanism in the eukaryotic counterpart, the STT3 (stauroporine and temperature sensitivity 3) protein. The detailed structural comparison provided the dynamic view of the N-glycosylation reaction, involving the conversion between the structured and unstructured states of the plastic loop in the transmembrane region and the formation and collapse of the Ser/Thr-binding pocket in the C-terminal globular domain. P rotein glycosylation on asparagine residues (N-glycosylation) is an important posttranslational modification that occurs in all domains of life (1) . In eukaryotic cells, various glycoforms of oligosaccharides on proteins are used as a universal signal of the folding status of a protein, for quality control and degradation in the cells (2) . Reflecting the essential roles of N-glycosylation in eukaryotes, the canonical Glc 3 Man 9 GlcNAc 2 Asn glycan structure is well conserved in higher eukaryotes, such as animal, plant, and fungal species (2) . Derivatives of the same structure with reduced complexity exist in lower eukaryotes, such as protozoan species (3, 4) . In contrast, the glycan structures in archaea and eubacteria show a far greater variety of monosaccharides and their linkages (1, (5) (6) (7) . This is probably because the N-glycosylation is not essential for survival in archaea and eubacteria, and the structures have been optimized for their special purposes. For example, N-glycosylation is important for the pathogenicity of the eubacterium Campylobacter jejuni, by increasing its adherence to and invasion of host cells (8) .
The entire process of protein N-glycosylation is divided into three steps: oligosaccharide donor synthesis, oligosaccharyl transfer reaction, and oligosaccharide processing. The first step is the production of the oligosaccharide donor, the lipid-linked oligosaccharide (LLO) (9) . An oligosaccharide chain is assembled on a lipid-phospho carrier. In principle, the carrier is dolichol diphosphate in eukaryotes and archaea, and undecaprenol diphosphate in eubacteria, with the exceptions of halophilic and methanogenic archaea, which use dolichol monophosphate (10, 11) .
The second step is the transfer of the oligosaccharide chain, preassembled on the lipid-phospho carrier, onto proteins. A membrane-bound enzyme, oligosaccharyltransferase (OST), catalyzes the formation of a covalent bond between the sugar residue of the reducing end of the oligosaccharide chain and the sidechain amide groups of the asparagine residues in proteins (1, 7, 12) . The catalytic subunit of the OST enzyme is a polypeptide chain referred to as "STT3" (staurosporine and temperature sensitivity 3) in eukaryotes, "AglB" (archaeal glycosylation B) in archaea, and "PglB" (protein glycosylation B) in eubacteria, although they originated from a common ancestor. The eukaryotic OST is a multisubunit protein complex containing STT3, but the lower eukaryotic protozoan OST, and the archaeal and eubacterial OSTs, are single subunit enzymes consisting only of the STT3/AglB/PglB protein (12) (13) (14) (15) . In principle, the acceptor asparagine resides in the N-glycosylation sequon (Asn-X-Ser/Thr; X ≠ Pro), but the glycosylation also occurs in atypical sequences, such as Asn-X-Cys, Asn-Gly-X, and Asn-X-Val (X ≠ Pro), albeit at very low frequencies (16, 17) . Eubacteria use an extended and thus more restrictive version of the sequon (Asp/Glu-X-Asn-YSer/Thr; X, Y ≠ Pro) (18, 19) .
Significance
Asparagine-linked glycosylation is one of the most ubiquitous posttranslational protein modifications in all kingdoms of life. A membrane enzyme, oligosaccharyltransferase (OST), catalyzes the transfer of sugar chains onto the asparagine residues of the Asn-X-Ser/Thr sequon in acceptor proteins. We determined the structures of an archaeal OST in two crystal forms. The comparison with the previous eubacterial OST structure revealed the structural conservation of the catalytic core and the membrane-spanning region. The archaeal and eubacterial OST structures probably correspond to different steps in the OST reaction cycle. The conversion between the structured and unstructured states of a characteristic loop in the membrane-spanning region is the structural basis for the dynamic recognition of the Asn residue in the sequon.
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In 2011, the crystal structure of the full-length Campylobacter lari PglB was reported at 3.4-Å resolution (20) . The structure in a complex with an acceptor peptide provided many new insights into the catalytic mechanism of the oligosaccharyl transfer reaction. First, the C. lari PglB structure revealed several catalytically important residues on the extracellular loops in the Nterminal transmembrane (TM) region. The carboxylate groups of the two acidic residues contact the Asn side chain in the sequon, and simultaneously coordinate a divalent metal ion. The bipartite interactions with the two acidic residues twist the planar carboxamide group of the Asn side chain, thus freeing the lonepair for nucleophilic attack. The Asn-X-Thr portion of the acceptor peptide adopts an extended conformation in the bound state, which ruled out the possibility of the direct involvement of the hydroxyl group of the +2 Ser/Thr residues in the reaction. Instead, the C-terminal globular domain contains a binding site for the Ser/Thr residues at the +2 position in the sequon. Thus, the +2 Ser/Thr residue, and especially its hydroxyl group, is used to guide the side-chain carboxamide group of the Asn residue into the catalytic site.
We previously determined the crystal structures of the C-terminal globular domains of the three paralogous AglB proteins from Archaeoglobus fulgidus (21) (22) (23) , as well as two other AglB proteins and one PglB protein (14, 22, 24) . The structural comparison revealed a common structural unit that contains the Ser/ Thr pocket, and other structural units specific to each protein. These isolated C-terminal domains are catalytically inactive, but their structural comparison led to the discovery of a new conserved motif (14) and revealed the essential intrinsic flexibility in the C-terminal domain (22) . In the present study, we determined the crystal structure of the full-length A. fulgidus AglB-Long (L) in two crystal forms, at 2.5-Å and 3.4-Å resolutions. The overall structure of A. fulgidus AglB-L shared high structural similarity with that of C. lari PglB. The comparison of the distantly related AglB and PglB proteins highlighted the well-conserved functional structures, and provided the dynamic view of the N-glycosylation reaction.
Results and Discussion
Expression of A. fulgidus AglB-L. The AglB proteins from hyperthermophilic archaea, which grow at high temperatures (80-100°C), were selected for target screening (Table S1 ). We selected one of the three AglB paralogs, AglB-L, of A. fulgidus, because it provided the highest yield. The good elution profiles in gel filtration chromatography indicated that the protein was monodisperse and monomeric in various detergents (Fig. S1A) . The enzymatic activity of the recombinant A. fulgidus AglB-L (AfAglB-L) was monitored by an in vitro assay system. Crude LLO was prepared from cultured A. fulgidus cells, by chloroform/methanol/water extraction. The purified AfAglB-L in n-dodecyl-β-D-maltopyranoside (DDM) was mixed with the LLO and fluorescently labeled peptides. The glycopeptide products were then separated from the substrate peptides by SDS-PAGE, and detected by fluorescence imaging (Fig. S1B) . The glycopeptide formation was completely dependent on the presence of the N-glycosylation sequon (Fig. S1C ). The reaction product was then purified by reverse-phase HPLC. The analysis of the isolated glycopeptide by electrospray ionization (ESI)-MS revealed a triply charged ion at m/z 880.3808 (Fig. S1D) . The MS/MS analysis of this ion provided a fragmentation series resulting from the sequential loss of six hexoses. The glycan structure is estimated to be a branched heptasaccharide (Fig. S1E ).
Overall Structure of A. fulgidus AglB-L. Two crystal forms were obtained under different crystallization conditions. We refer to the two crystal forms as "crystal form 1" [space group C2 in noctyl-β-D-glucopyranoside (OG)] and "crystal form 2" [space group P4 3 2 1 2 in lauryldimethylamine-oxide (LDAO)] hereafter. Crystal forms 1 and 2 diffracted to resolutions of 2.5 Å and 3.4 Å, respectively. Initial phases of crystal form 1 were obtained by the molecular replacement method, using the structure of the Cterminal globular domain of AfAglB-L (23), determined at 1.9-Å resolution, as a search model. The structure of crystal form 2 was then determined by the molecular replacement method, using the refined structure of crystal form 1. The two structures are very similar to each other, except for the existence of a bound sulfate ion and the extent of disorder in external loop 5 (EL5). Thus, the higher resolution structure of crystal form 1 is used to describe the overall structure of AfAglB-L. AfAglB-L consists of the N-terminal TM domain (residues 1-499) and the C-terminal globular domain (residues 500-868) ( Fig. 1 and Fig. S2 ). The structure of EL5 in crystal form 2 is also shown, superimposed on the overall structure. The two domains are connected by a hinge segment (Ser 494 -Tyr-Ala-Gly-Gly-Pro
499
) and noncovalent interactions via the first external loop (EL1).
N-Terminal TM Domain. The TM domain contains 13 TM helices (TM1-TM13) and two long external loops, EL1 and EL5. The topology of the TM region in AfAglB-L is essentially identical to that in the C. lari PglB (ClPglB) structure ( Fig. 1C and Fig. S3A ), including the kinks and breaks within the TM helices (Fig. S2D ). The TM1, TM2, and TM13 helices share common kinks (change in helix axis without loss of helical character), while the TM3 and TM10 helices have breaks (change in helix axis and loss of helical character). There are two α-helices in the well-ordered EL1 loop. These α-helices lie parallel to the membrane surface, and in particular, the second α-helix, EL1-h2, is partially buried in the membrane-water interface.
The entire EL5 loop was disordered in crystal form 1 of AfAglB-L, and the N-terminal half was missing in ClPglB. The missing electron density of EL5 implied the intrinsic flexibility of EL5 in solution. In contrast, the entire region was structured in crystal form 2 of AfAglB-L. The ordered EL5 contains a parallel, partially buried α-helix, EL5-h. The conformation of EL5 seems to become unstructured, triggered by ligand binding, such as a sulfate ion in crystal form 1 of AfAglB-L, and the substrate peptide in ClPglB. Each crystallographic snapshot of the EL5 loop may reflect the different states of the catalytic cycle (discussed in Oligosaccharyl Transfer Reaction Mechanism).
The two structures from archaea and eubacteria exhibited high structural similarity in the TM region, despite the very low sequence identity (<20%). The unexpected structural conservation implies that the TM domains of the eukaryotic STT3 subunits should share the characteristic architecture of the 13 TM helices. The deduced locations of the 13 TM helices in the primary structure of the yeast STT3 are shown in Fig. S3B . The number of TM helices was underestimated in a previous topology mapping study of the mouse and yeast STT3 proteins, due to a failure to detect TM5 (25) .
Catalytic Site. We will now focus on the catalytic site of AfAglB-L and compare it with that of ClPglB. Considering the common overall structure of the TM regions, the architecture of the catalytic site is highly conserved between the archaeal and eubacterial OSTs. The catalytic site is composed of eight TM helices (TM1-TM4 + TM10-TM13) and the connecting external loops between them (EL1, EL2, EL5, and EL6) (Fig. S2D) .
We identified a metal ion in the catalytic site of AfAglB-L in both crystal forms ( Fig. 2A) . In crystal form 1, anomalous difference Fourier maps confirmed that the bound metal ion was Zn
2+
. The zinc was derived from the crystallization solution, which contained a high concentration of zinc sulfate. The zinc ion is six-coordinated in the AfAglB-L structure, and adopts a distorted octahedral shape ( Fig. 2A) . Although zinc ions are usually four-coordinated in many metalloenzymes and zincfinger proteins (26), the six-coordination of the zinc ion is consistent with the fact that the six-coordinated Mg 2+ ion is reportedly a natural cofactor of OST (27) . Thus, the zinc ion bound to AfAglB-L seems to act as a substitute for the Mg 2+ ion. We could not determine the exact nature of the metal ion in crystal form 2. The three ligands are the carboxyl oxygen atoms of Asp47 and Asp161, and the imidazole nitrogen of H163. These three residues belong to the first DXD motif (Gly-XAsp 47 ) on the EL1 loop and the second DXD motif (Asp 161 -HisHis 163 ) on the EL2 loop (Figs. S2D and S4A ). The other three ligand sites are occupied by water molecules (Fig. 2A) .
To assess the effects of Zn 2+ on the activity, we examined the requirement of metal ions (Fig. 2B) . The reaction mixture did not require additional metal ions for activity, indicating that a metal ion was loosely bound to the catalytic site after detergent solubilization. The inhibitory effect of a chelating reagent, EDTA, implied that the intrinsic metal ion is essential for the activity and can be removed by EDTA. These results suggested that the intrinsic metal ion is substitutable by an excess amount of extrinsic metal ions. We found that the addition of Zn 2+ enhanced the specific activity of AfAglB-L by about threefold. Thus, the Zn 2+ -bound structure of crystal form 1 is catalytically active. Sequence alignment analysis revealed that the second DXD motif was replaced by the DXH (Asp-X-His) motif in the archaeal classes Archaeoglobi, Halobacteria and Methanomicrobia (Fig. S4A) . The His163 residue might allow AfAglB-L to bind and use Zn 2+ efficiently for catalysis.
The spatial arrangements of the residues located in the catalytic site in the two crystal forms are almost identical to that in the ClPglB structure ( Fig. 2A) . In ClPglB, three acidic side chains (Asp56, Asp154, and Glu319) coordinate a divalent metal ion, presumably Mg 2+ , and the fourth acid side chain (Asp156) is close to the metal ion. No water molecules were modeled due to the limited resolution. These Asp residues belong to the first DXD motif (Thr-Asn-Asp ). A comparison of the AfAglB-L and ClPglB structures revealed that the coordination structure formed by the two DXD motifs around the divalent metal ion was stable, irrespective of ligand binding, such as a peptide and a sulfate ion. In contrast, the sixth coordination site of the metal ion exhibited dynamic responses to the ligand binding. Glu319, on the plastic EL5 loop, was coordinated to the metal ion in ClPglB. By contrast, in AfAglB-L, the corresponding Glu360 was not coordinated to the metal ion in crystal form 2, and was invisible in the electron density map of crystal form 1. Thus, the sixth site was occupied by a water molecule in the two AfAglB-L structures. The formation of a carboxylate dyad (Asp56 and Glu319), simultaneously coordinated to the divalent metal ion and hydrogen-bonded to the amide of the Asn side chain, was proposed to be the activation mechanism of the acceptor amide nitrogen in In B and C, the error bars represent the mean ± SD calculated from three independent protein quantifications and three independent OST assays. Data were compared with wild type by an unpaired two-tailed t test, assuming unequal variance. *P < 0.05 and **P < 0.01.
ClPglB (20) . Thus, the Glu residue on the EL5 loop serves as a coordination switch that responds to ligand binding. In accord with its critical role, the Glu residue is widely conserved in the TIXE (Thr-Ile-X-Glu) motif among archaea and eubacteria, and in the SVSE (Ser-Val-Ser-Glu) motif within eukaryotes (Fig. S4A) , as mentioned previously (28) . To assess the catalytic involvement of the metal-coordinating residues in AfAglB-L, we mutated these residues and measured the specific activities of the mutants (Fig. 2C) . All of the mutant proteins were expressed at levels similar to that of the wild-type protein, and the measured OST activity was normalized by the amount of protein, to calculate the specific activity (Fig. S5) . The Asp47Ala and Asp47Asn mutations led to the complete loss of the activity, but a charge-preserving mutation, Asp47Glu, retained 20% of the activity. Similarly, the Glu360Ala and Glu360Gln mutations also abolished the activity, but Glu360Asp retained some (30%). The combination of the charge-preserving mutations, Asp47Glu/Glu360Asp, also showed modest activity. In contrast, the Arg154Ala mutation had a minimal effect, indicating the absence of direct interactions with the metal ion. Thus, the carboxylate groups of Asp47 and Glu360 are crucial for the enzymatic activity, and probably participate in the formation of the carboxylate dyad structure, as seen in the ClPglB structure ( Fig. 2A) . We then evaluated mutations in the DXH motif (i.e., the second DXD motif). The alanine substitutions of Asp161 and His163 nullified the activity. The conversion of the DXH motif to the typical DXD motif, by the His163Asp mutation, also abolished the activity. These results indicated that the amino acid residues of the DXH motif are important for the OST activity.
Putative Binding Site of the Phosphate Group of Dolichol Phosphate.
A substantial electron density existed next to the metal ion, in the catalytic site of AfAglB-L in crystal form 1. This density was modeled as a sulfate ion (Fig. 3A) . The sulfate ion is located 5.0 Å from the Zn 2+ ion, and interacts with the side chains of His81, His162, Trp215, and Arg426. These residues are conserved within the related species (Fig. S4) . We mutated the amino acid residues interacting with the sulfate ion, and measured the activities (Fig.  3B and Fig. S5 ). Among them, the His81Ala, His162Ala, and Trp215Ala mutants exhibited partial activity losses. In contrast, H81E and His162Glu abolished the activity. The inactivation effects should be attributed to the introduction of a negative charge, because the replacement by a Gln residue, which is isosteric to Glu, moderately reduced the activity. The double mutant His81Ala/His162Ala was also completely inactive. The activity of Arg426Ala was completely lost, whereas Arg426Lys retained the activity. These results indicated that His81, His162, and Arg426 were enzymatically important, and confirmed that the entity of the extra density had a negative charge. We assumed that the sulfate ion mimicked the phosphate group of the dolichol phosphate carrier, and constructed a docking model (Fig. S6) . The isoprene units of dolichol phosphate fit well within a hydrophobic groove on the protein surface. A similar docking model was proposed for ClPglB (20).
Sequon Recognition. As shown in Fig. 1 , the C-terminal globular domain of AfAglB-L consists of three structural units, referred to as "CC" (central core), "IS" (insertion), and "P1" (peripheral 1), whereas that of ClPglB consists of two structural units, CC and IS. The CC unit is a common structural unit conserved in all AglB and PglB proteins, and probably in all STT3 proteins. As expected, the CC units share high structural similarity between AfAglB-L and ClPglB, with an rmsd (root-mean-square deviation) of 1.78 Å over aligned 119 Cα atoms. Importantly, the CC unit contains a binding site for Ser and Thr residues at the +2 position in the N-glycosylation sequon (20) . The Ser/Thr-binding pocket consists of the invariant Trp-Trp-Asp part of a highly conserved five-residue WWDYG motif and the second signature residue, Lys or Ile, of another conserved DK/MI motif (Fig. 4) . As a consequence of the vastly different chemical natures of the side chains, Lys and Ile, and the unexpected insertion sequence in the DK motif in some AglBs (21), the existence of the Ser/Thr pocket containing the Lys residue has been controversial (27) . The present structure of AfAglB-L, however, clearly provides proof for the existence of the Lys-type Ser/Thr pocket in the context of the full-length structure.
Oligosaccharyl Transfer Reaction Mechanism. The TM domain provides acidic residues for the activation of the Asn residue in the sequon, whereas the C-terminal globular domain offers the binding site for the recognition of the Ser and Thr residues. At the interface of the two domains, the oligosaccharyl transfer reaction occurs, sequestered from the external environment. The two AfAglB-L structures were determined in an apo form (i.e., in the absence of ligands) and in a sulfate-ion bound form. The previous ClPglB structure in a complex with a substrate peptide indicated that the EL5 loop must undergo a conformational change during the reaction cycle (20) . By comparing the three crystal structures, we concluded that lipid-phosphate binding also controls the conformation of EL5. In addition, our previous study suggested that flexibility in the C-terminal globular domain was essential for the activity (22) . Considering all of the data available, we have extended the glycosylation mechanism proposed by Lizak et al. (20) (Fig. 5 ).
Step 1: Apo state. In the absence of substrates, EL5 is structured, but Glu360 (Glu319 in ClPglB) in the EL5 loop is not involved in metal-ion coordination. Instead, Glu360 forms salt bridges with Arg154 (Arg147). The side chains of Asp47 (Asp56), Asp161 (Asp154), and His163 (Asp156) are coordinated with the metal ion. This core coordination structure is maintained during the catalytic cycle. The ordered EL5 divides the interdomain space into halves and creates a narrow "porthole" (29).
Step 2: Peptide-bound state. The STT3/AglB/PglB protein binds to an acceptor polypeptide chain, through specific interactions between the hydroxy amino acids in the sequon and the Ser/Thrbinding pocket in the C-terminal globular domain. The sequon binding induces the disorder in the N-terminal half of EL5, and conformational change in the C-terminal half of EL5. The conformational change includes the movement of the side chain of Glu360 (Glu319) close to the metal ion, to complete the formation of the catalytic center. The carboxylate dyad, Asp47 (Asp56) and Glu360 (Glu319), is involved in the formation of the twisted amide structure to activate the amide group of the acceptor Asn residue in the sequon. The Asn side chain protrudes from the peptide-binding space to the LLO-binding space through the porthole formed by the ordered C-terminal half of EL5. Step 3: Ternary complex state. A ternary complex with a polypeptide and LLO is formed. A high-resolution crystal structure of the ternary complex is needed to elucidate the chemical basis of the nucleophilic attack of the activated Asn amide nitrogen on the C1 carbon of LLO. Note that the binding of LLO might precede that of the acceptor peptide.
Step 4: Transition state. Our previous NMR relaxation study revealed the dynamic motions of the Lys-type Ser/Thr-binding pocket in AfAglB-S2 (a short paralog of AfAglB-L) on the millisecond timescale in solution (22) . We propose that the dynamic properties of the Lys-type Ser/Thr pocket in eukaryotic and archaeal OSTs increase the release rates of the glycosylated products, and enable the efficient scanning of nascent polypeptide chains when coupled with ribosomal protein synthesis. In contrast, the eubacterial and some archaeal OSTs that bear the Ile-type Ser/Thr pocket, which is supposed to be less dynamic, work in a posttranslational mode (30).
Step 5: Lipid-phosphate bound state. We assume that the sulfate bound structure is a lipid-phosphate bound form (Fig. S6) . The lipid phosphate is a leaving product of the transfer reaction. The phosphate group binds in the vicinity of the metal ion, and interacts with Arg426 (Arg375). Notably, EL5 is completely disordered in this form. The disorder of EL5 disrupts the porthole structure, and facilitates the release of the glycosylated product from the catalytic site.
Conclusion
We determined the full-length crystal structures of an archaeal OST enzyme in two crystal forms. This is the second solved OST structure, after the eubacterial OST. The comparison of two distantly related OST proteins provided further insights into the structural basis of N-linked glycosylation. Despite the low sequence identity, the two proteins share a common architecture consisting of the TM domain (ca. 400-500 residues, 13 TM helices and long EL1 and EL5 loops) and the CC structural unit (ca. 100 residues) in the C-terminal globular domain. This striking similarity implies that the same "TM13 + CC structure" will be found in the catalytic subunit of eukaryotic OSTs. As the structural units other than CC in the C-terminal globular domains are highly unique to each protein, the crystal structures of a eukaryotic OST are still required. The structural comparison of the two full-length OST proteins confirmed and extended the dynamic view of the N-glycosylation catalytic cycle, involving the plastic EL5 loop in the TM region and the dynamic Ser/Thrbinding pocket in the CC unit (Fig. 5) . The key amino acid residue is the conserved Glu residue in the TIXE/SVXE motif in the EL5 loop. To elucidate the molecular mechanism of the N-glycosylation reaction, different crystallographic snapshots of protein complexes with various combinations of substrates and products are needed at high resolutions. The thermostable AglB proteins from hyperthermophilic archaea are especially suitable for this purpose.
Materials and Methods
Protein Expression and Purification. The DNA encoding A. fulgidus AglB-L (O29867_ARCFU) was amplified from the genomic DNA [NBRC100126G, National Institute of Technology and Evaluation (NITE) Biological Resource Center, Tokyo, Japan], and subcloned into pET-52b(+) (Novagen) between the NcoI and XhoI sites, for expression with a C-terminal His 10 -tag after a thrombin cleavage site. The transformed Escherichia coli C43 (DE3) cells (Lucigen) cells were grown at 310 K overnight in Terrific Broth expression medium (Merck), supplemented with 100 mg·L −1 ampicillin. After overnight autoinduction, the cells were harvested by centrifugation, and disrupted by sonication in Tris-Saline (TS) buffer (50 mM Tris·HCl, pH 8.0, 100 mM NaCl). The membrane fractions were collected by ultracentrifugation at 100,000 × g for 2 h, and solubilized in TS buffer containing 1% (wt/vol) DDM (Dojindo). After ultracentrifugation at 100,000 × g for 1 h, the recombinant protein in the supernatant was purified by affinity chromatography on nickel Sepharose High Performance resin (GE Healthcare) in TS buffer containing 0.1% DDM, and the C-terminal His tag was removed by thrombin (Wako). The protein was concentrated with an Amicon Ultra-15 centrifugal filter unit (Millipore, 100 kDa nominal molecular weight limit (NMWL)) to 10 mg·mL
, and then subjected to gel filtration chromatography, using a Superdex200 column (GE Healthcare) in TS buffer containing 1% (wt/vol) OG (Dojindo) or 0.06% (wt/vol) LDAO (Anatrace). The eluted protein was concentrated with an Amicon Ultra-15 filter (100 kDa NMWL) to 15 The TM domains and the C-terminal globular domains are colored green and blue, respectively. The side chains of the WWD part of the WWDYG motif and the second signature residue of the DK/MI motif are represented by sticks. In the ClPglB structure, the bound substrate peptide is depicted by yellow sticks.
Step 1: Apo state
Step 3: Ternary complex state
Step 4 Step 1: The apo state is represented by the structure of crystal form 2 of AfAglB-L. The EL5 loop is depicted as a purple tube. The bound divalent metal ion is shown as a green sphere. The side chains that form the Ser/Thr-binding pocket and the conserved Glu residue on the EL5 loop are drawn in sphere representations.
Step 2: The peptide-bound state is represented by the crystal structure of ClPglB, with the bound acceptor peptide depicted as a thick yellow tube with the side chains of Asn and Thr residues in the sequon. No structures are currently available for step 3 (ternary complex state) and step 4 (transient state), and thus the two states are schematically depicted.
Step 5: The lipid-phosphate bound state is represented by the structure of crystal form 1 of AfAglB-L. The bound sulfate ion (yellow and red spheres) is likely to mimic the phosphate group of the lipid-phosphate.
buffer, pH 4.6, 15% (vol/vol) polyethylene glycol 4000) at 293 K (crystal form 1). For cryoprotection, crystals were transferred to a solution containing 0.2 M zinc sulfate, 0.1 M sodium acetate buffer, pH 4.6, 15% (wt/vol) polyethylene glycol 4000, 1% (wt/vol) OG, and 15% (vol/vol) ethylene glycol, and were directly cryocooled in liquid nitrogen. In the presence of 0.06% (wt/vol) LDAO, crystals grew from a hanging drop with the reservoir solution (0.02 M Tris·HCl, pH 8.0, 22% (wt/vol) polyethylene glycol 550MME) at 293 K (crystal form 2). For cryoprotection, crystals were transferred to a solution containing 0.02 M Tris·HCl, pH 8.0, 28% (vol/vol) polyethylene glycol 550MME and 0.06% (wt/vol) LDAO, and were cryocooled in liquid nitrogen.
Structure Determination. X-ray diffraction data were collected at beamlines BL44XU and BL32XU of SPring-8 (Harima, Japan), and were processed using the program HKL2000 (31) to resolutions of 2.50 Å (crystal form 1) and 3.41 Å (crystal form 2). There was no indication of any severe diffraction anisotropy. The program phenix.phaser from the GUI of PHENIX (32) , respectively. The extra electron density near the zinc ion in crystal form 1 was modeled as a sulfate ion, because the crystallization solution contained a high concentration of zinc sulfate. The models of a chloride ion and an acetate ion, which were also present in the crystallization solution, did not fit the electron density. Data collection and refinement statistics are summarized in Table S2 . The experiments at the Photon Factory were performed under the approval of the Photon Factory Program Advisory Committee as Proposal 2011G020, and those at SPring-8 were performed under the Cooperative Research Program of the Institute for Protein Research, Osaka University, Osaka, Japan, as Proposals 2011A6619, 2011B6619, 2012A6719, and 2012B6719.
The figure generation and docking model construction were performed with the PyMOL Molecular Graphics System, version 1.5 (Schrödinger, LLC). Structure superposition was performed by the program COOT. The multiple sequence alignment was performed with the program MAFFT (34).
Preparation of LLO from A. fulgidus Cells. A. fulgidus strain DSM 4306 (NBRC 100126) was obtained from the NITE Biological Resource Center (Chiba, Japan). The A. fulgidus medium was prepared according to the provider's protocol, but sodium carbonate was omitted to avoid precipitation after autoclaving. A. fulgidus cells were grown in 1-L culture bottles anaerobically without shaking for 5 d, in an oven at 80°C. Three grams of pelleted cells were obtained from a 10-L culture. A. fulgidus LLO was prepared according to the procedure used for LLO extraction from Pyrococcus furiosus cells (14) .
OST Assay. The AfAglB-L mutants were generated using a KOD plus mutagenesis kit (TOYOBO). The OST assay was performed by the PAGE method (35) . The details are described in the SI Materials and Methods.
ESI-MS Analysis. A TripleTOF 5600 mass spectrometer (ABSciex) was used for the direct-infusion ESI analysis. The triply charged precursor ion was selected and subjected to the MS/MS analysis. The details are described in the SI Materials and Methods.
